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ABSTRACT
We present radio intensity and polarisation profiles of 28 γ-ray-detected pulsars with
the aim of putting constraints on their viewing geometries using data from the Parkes
telescope. Constraints are formed both from the goodness-of-fit of the position angles
to the Rotating Vector Model and from the beam opening angle considering aberration
and retardation effects. Uncertainties on the relevant parameters are systematically
taken into account in order to produce a more robust constraint, using a new approach.
Surprisingly, we find that the distribution of the magnetic inclination angle (α) in this
subset of pulsars peaks at low values, contrary to the predictions of γ-ray models. We
find a lack of correlation between these and a set of α values which were derived using
γ-ray light curves, suggesting a problem in the interpretation of the data in one or
both of these domains. Finally, we also show that the α distribution of pulsars with
multiple radio components is no different to that of single-component pulsars.
Key words: pulsars: general – polarisation.
1 INTRODUCTION
The FERMI satellite was launched on 2008 June 11 and has
since greatly increased the number of known pulsars emit-
ting in the γ-ray band. The principle instrument aboard the
satellite is the Large Area Telescope (LAT; Atwood et al.
2009), a pair-production telescope which is sensitive to en-
ergies in the range 20 MeV - 300 GeV. The impact of the
mission so far can be seen from the 2nd FERMI Pulsar
Catalog (Abdo et al. 2013), which details 117 detections (at
> 100 MeV) of γ-ray-loud pulsars. This factor of 20 increase
in the number of pulsars which can be studied in the high
energy regime makes investigation of the pulsar γ-ray emis-
sion process more important than ever.
Knowledge of the ‘viewing geometry’ of these pulsars
can significantly aid this study. Particularly important is the
determination of the path traced across the magnetosphere
by the observer’s line of sight as the pulsar rotates, which
can be characterised by two angles; the angle between the
rotation and magnetic axes, α, and the angle β between the
magnetic axis and the line of sight at the closest approach
between the two. If these are known for a particular pulsar,
a given model of the sky pattern of γ-ray emission (such as
those described in Watters et al. (2009); Romani & Watters
(2010)) will be able to predict, for example, the shape of
that pulsar’s intensity profile. This can then be compared
⋆ E-mail: simon.rookyard@postgrad.manchester.ac.uk
with observations, allowing the veracity of the model to be
judged. The determination of the viewing geometry is there-
fore useful in the study of the pulsar emission mechanism.
A recent study by Pierbattista et al. (2014) highlighted
a general problem that γ-ray light-curves can only be mean-
ingfully interpreted when radio data are also considered.
These authors used γ-ray light-curve and radio profile fit-
ting to constrain the viewing geometry in terms of α and
ζ = α+ β, the angle between the line of sight and the rota-
tion axis. They note that if they consider radio-loud pulsars,
but ignore their radio profiles in the fitting procedure, the
resulting β values do not appear to be confined to small val-
ues. This is unlikely to be realistic, given the fact that the
radio emission should be significantly more beamed com-
pared to the γ-rays. They conclude that γ-ray light-curve
fitting in general does not lead to unique solutions in α and
ζ space and that radio observations are crucial to break this
degeneracy.
The intention of this paper is to derive emission ge-
ometries, which can facilitate the interpretation of γ-ray
light-curves and therefore potentially impose important con-
straints on various proposed γ-ray models. Using data
obtained with the Parkes radio telescope as part of the
FERMI timing programme (Weltevrede et al. 2010) we at-
tempt to place constraints on the viewing geometry for 28
young, γ-ray-detected pulsars, all of which were included in
Abdo et al. (2013). As the angles α and β should be inde-
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pendent of observing frequency1, the results derived here
can be applied to observations of these pulsars at any part
of the electromagnetic spectrum. A further point which is
worthy of note is that, although there are large uncertain-
ties on most of the α values presented in this paper, β will
be shown to be well constrained for most of the sample. This
is useful for attempts to constrain the γ-ray models as re-
quiring a small value of β greatly restricts the region of (α,
ζ) parameter space which is of interest, helping to lift the
aforementioned degeneracy.
One method of constraining α and β is to fit the Ro-
tating Vector Model (RVM; Radhakrishnan & Cooke 1969)
to the observed polarisation position angle (PA) swing. The
PA of the linearly polarised emission, ψ, is a function of α,
β and the pulse phase, φ, according to
tan(ψ−ψ0) =
sin(φ− φ0) sinα
sin(α+ β) cosα− cos(α+ β) sinα cos(φ− φ0)
, (1)
where ψ0 and φ0 are the position angle and pulse phase,
respectively, of the steepest part of this curve (Komesaroff
1970). The steepest gradient of the RVM curve is given by(
dψ
dφ
)
MAX
=
sinα
sin β
(2)
(Komesaroff 1970). If the observed PA swing shows little
curvature, only its gradient is constrained, leading to a con-
straint on sinα/sin β (see § 2.2 for details of the fitting pro-
cedure). In (α, β) space this results in a characteristic ‘ba-
nana’ shape of the goodness-of-fit, which can be seen in, for
example, Fig. 1.
The steepest gradient occurs at φ0, the ‘inflection point’
of the PA curve. The RVM predicts that this coincides with
the passage of the line of sight through the ‘fiducial plane’,
the plane containing both the rotation and magnetic axes.
However, in practice observations show the inflection point
to be delayed relative to the position of the fiducial plane
as inferred from the intensity profile (φfid) by an amount
of rotational phase ∆φ = φ0 − φfid. This delay is predicted
by relativistic effects known as aberration and retardation
(A/R). The net delay predicted by A/R effects is
∆φ =
8pihem
Pc
, (3)
where P is the rotation period of the star, c is the speed of
light and hem is the emission height, the distance of the emis-
sion region from the centre of the star (Blaskiewicz et al.
1991; Dyks et al. 2005). The observed delay can be shown
to be independent of α and β (Dyks et al. 2004). Estimates
can be obtained for φ0 from RVM fitting (see § 2.2) and for
φfid based on the profile morphology (see § 2.3). Given these
estimates ∆φ can be determined from the data and so Eq. 3
can be used to calculate hem. As discussed by for instance
Karastergiou & Johnston (2007), variations in the emission
height between different components will cause distortions
1 It has been noted that scattering of the pulsed emission by
the interstellar medium can, in some cases, lead to estimates of
these angles which are sensitive to the observing frequency (see
Kramer & Johnston (2008) and § 3.6). However, the intrinsic val-
ues are frequency-independent and the uncertainty of a few de-
grees introduced by scattering is in general not the most signifi-
cant source of uncertainty in the sample considered in this paper.
in the PA curve and hence could affect the determination of
∆φ. This effect is probably strongest for pulsars older than
those discussed in this paper, hence we assume hem to be
constant across the emission region for a given pulsar. The
potential effects of variations in the emission height will be
considered in Rookyard et al. (2014).
The angles α and β are also related to another observ-
able, the pulse width of the radio profile. If the radio beam
is defined as the cone bounded by tangents to the last open
field lines at the emission height, the half-opening angle of
the beam, ρ, can be calculated. Assuming that the magnetic
field is dipolar,
ρ = θPC + arctan
(
1
2
tan θPC
)
, (4)
with θPC, the angular radius of the open-field-line region,
given by
θPC = arcsin
(√
2pihem
Pc
)
(5)
(e.g., Lyne & Graham-Smith 2012).
Gil et al. (1984) showed that the half-opening angle of
a conical emission beam centred on the magnetic axis can
be related to Wopen, the range in pulse phase for which the
line of sight samples the open-field-line region. This relation
is dependent on the viewing geometry via the equation
cos ρ = cosα cos(α+ β) + sinα sin(α+ β) cos
(
Wopen
2
)
.(6)
A similar method of combining this information has
been used by previous authors (e.g., Johnston & Weisberg
2006; Weltevrede et al. 2010). However, this work differs
from those in two important ways. Firstly, we consider un-
certainties on the relevant parameters, which allows us to
determine errorbars on the fit parameters in a more objec-
tive way. Secondly, although we use the core-cone model
(Rankin 1993) as a basis for our estimation of φfid, we argue
that the conservative nature of these estimates means that
our results are unlikely to be inconsistent with the patchy
beams suggested by Lyne & Manchester (1988) (see § 2.3).
The paper is organised as follows: in § 2 we describe the
observations and methodology used. In § 3 we present in-
tensity and polarisation profiles and viewing geometry con-
straints for the individual pulsars and a table with con-
straints is compiled. In § 4 we discuss the derived distri-
butions of magnetic inclination angles for pulsars exhibiting
single-component and multiple-component profiles. We also
compare our results with those obtained from γ-ray model-
ing by Pierbattista et al. (2014). Rookyard et al. (2014) will
discuss the overall distribution of α values, and its depen-
dence on assumptions about the radio beam.
2 OBSERVATIONS AND ANALYSIS
2.1 Observations
The data used were collected as part of the FERMI tim-
ing programme at the Parkes radio telescope, described in
detail by Weltevrede et al. (2010). A total of 168 pulsars
are observed drawn from a list of pulsars with large-spin-
down rates, and hence potentially high energy γ-ray emis-
sion, given by Smith et al. (2008) supplemented by a few
c© 2002 RAS, MNRAS 000, 1–23
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additional objects. The programme consists of monthly ob-
servations at 1369 MHz (20 cm) with a 256 MHz bandwidth
and twice-annual observations of the same pulsars at 3100
MHz (10 cm) and 685 MHz (50 cm), with bandwidths of
1024 MHz and 40 MHz respectively (Petroff et al. 2013). At
each frequency the band is divided into 1024 channels and
the pulse phase resolution is 1024 bins per pulse.
In this paper we concentrate on the sample of 28 pulsars
which are γ-ray-loud and published in the second Fermi pul-
sar catalogue (Abdo et al. 2013). We use observations taken
between 2007 April and 2013 October. For the majority of
pulsars, the observations at 1369 MHz were used. Some pul-
sars however are significantly scatter-broadened due to prop-
agation through the interstellar medium at this frequency
and so the observations at 3100 MHz were used instead (see
Table 1). In the cases of PSRs J1019–5749 and J1410–6132
the profile is still severely scatter-broadened at 3100 MHz;
in the latter case we used unpublished Parkes data at
6100 MHz. The data were polarisation calibrated and indi-
vidual observations of the same pulsar were summed largely
following the method described in Weltevrede & Johnston
(2008a), resulting in a single profile for each pulsar.
2.2 Position angle curve fitting
The PA as a function of phase, ψ(φ), was calculated from the
Stokes parameters for each pulsar. Any PA values for which
the signal-to-noise ratio of the linearly polarised component
of the emission was less than 2σ were discarded. Only the
remaining values were used in subsequent fitting of Eq. 1. In
order to constrain the geometrical parameters, a gridsearch
was performed in (α, β) space. The least-χ2 fit between the
RVM curve and the data was then determined by optimising
the remaining free parameters φ0 and ψ0.
The obtained constraints on α and β are sensitive to the
pulse phase resolution of the data. Decreasing the resolution
increases the signal-to-noise ratio per bin. As a result, the
significance of the linear intensity in bins at the edges of the
pulse is increased, allowing the PA to be determined over
a wider range of pulse phase. However, decreasing the res-
olution can potentially result in distortion of the PA swing
(especially where the gradient is largest) leading to an unre-
liable RVM fit. For each pulsar, χ2 surfaces were calculated
using 1024, 512, 256 and 128 bins per rotation period and
the optimum resolution (see Table 1) was determined and
used for all subsequent processing of that pulsar.
The reduced-χ2 values resulting from this fitting pro-
cess correspond to a surface in (α, β) space, an example of
which can be seen in Fig. 1. Three contours are shown, corre-
sponding to 2, 3 and 4 times the global least-χ2 value. These
represent 1σ, 2σ and 3σ uncertainties in α and β. The error
on φ0 was calculated by fitting for α, β and ψ0 repeatedly as
φ0 was varied, and determining the value of φ0 at which the
resulting fit had a reduced-χ2 four times that of the global
least-χ2 fit (equivalent to a 3σ error)2. This range and the
2 Note that this is equivalent to scaling the size of the errorbars
such that the lowest reduced-χ2 = 1, thereby recognising the fact
that there are unmodeled features in the observed shape of the
PA curve
most likely value are displayed by the horizontal bar above
or below the PA curve in Figs. 1 - 28.
2.3 Constraint from the emission height
Previous authors who have used RVM fitting and
the A/R effect to determine viewing geometries (e.g.,
Weltevrede et al. 2010) have traditionally assumed that the
emission region fills the open field lines and hence that φfid
must be at the centre of the observed on-pulse region. How-
ever, the emission beam may not be symmetrically illumi-
nated. To account for such an effect, the assumption that φfid
is at the centre of the profile was relaxed in this investiga-
tion. Instead a range of possible values was determined based
on the component positions, using the core-cone model as a
basis (Rankin 1993; Karastergiou & Johnston 2006) and al-
lowing for some components to be missing from the observed
profile. The horizontal bar above the profile in Figs. 1 - 28
displays the chosen range and our preferred value.
Alternatively, it is possible that the asymmetry is the
consequence of a beam which is populated by randomly dis-
tributed ‘patches’ (Lyne & Manchester 1988). In this case
the core-cone model will not be valid. However, as the φfid
ranges chosen typically cover a large proportion of the pulse
they are likely to be consistent with a patchy beam, and
if the patches are truly random we do not expect patchy
beams to cause any bias in the derived viewing geometries.
This would therefore imply, for instance, that the derived α
distribution should still describe the population as a whole.
As discussed in § 2.2, a range of allowed values for φ0
was determined from fitting to the PA curve. This range,
together with the range of φfid determined from the profile
shape, allows a range ∆φ = φ0−φfid to be established. The
corresponding ranges of hem and ρ were calculated using
Eqs. 3, 4 and 5. Finally, if Wopen is known, Eq. 6 provides
an additional constraint. In these equations ρ is taken to be
the opening angle of a beam corresponding to an emission
region confined to the open-field-line region. To account for
the possibility of beams which are only partially illuminated
we takeWopen to be twice the separation (in phase) between
the determined φfid and the edge of the profile furthest from
it. The assumption we make is therefore that at least one
edge of the profile reaches the last open field line and hence,
as the open-field-line region is symmetric about the fiducial
plane, Wopen must account for an equal amount of phase
before and after φfid.
There is an uncertainty in the precise location of the
pulse edges due to the tapering nature of the emission and
the presence of noise. The points at which the intensity was
10% of the peak intensity were taken as the most likely to
correspond to the last open field lines. This definition makes
the determination of the pulse edges independent of the S/N.
In most cases the uncertainties were taken to be the differ-
ences between the phases at which the intensity was 20%
and 10% of the peak. However, in some cases such choices
were clearly not representative of the pulse edge and so the
limits were chosen somewhat more subjectively (see § 3).
The most likely location and the considered range for each
pulse edge are displayed by the horizontal bars immediately
below the profile in Figs. 1 - 28. As a result of specifying up-
per and lower limits for each edge, upper and lower values
could also be determined for Wopen.
c© 2002 RAS, MNRAS 000, 1–23
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The parameters φ0, φfid and the pulse edges were varied
within the allowed ranges and for each combination ρ and
Wopen were calculated. Eq. 6 was used to derive the corre-
sponding contour in (α, β) space. The full set of possible
contours cover a region of (α, β) space (the green regions
in Figs. 1 - 28), which represents the possible viewing ge-
ometries consistent with the profile width and the offset of
the PA curve with respect to the fiducial plane. Such a con-
sideration of the uncertainties on these parameters, which
allows a more complete appraisal of the possible viewing
geometries for each pulsar, has not been used previously
when constraining viewing geometries. The viewing geome-
try should then lie within the overlap between this region
and the 3σ limit of the χ2 surface from RVM fitting (indi-
cated in greyscale in Figs. 1 - 28, with a key displayed at
the right-hand side of the plot).
In addition to this, a single contour (orange curve in
the figures), termed the “favoured contour”, was plotted for
25 of the 28 pulsars (see § 4). The favoured contour was
specified using the optimum φ0 value determined from the
RVM fit, our preferred value for φfid and the value of Wopen
derived using this fiducial plane position and the most likely
locations of the pulse edges.
2.4 Constraint from unobserved interpulses
In some cases a further constraint can be added to the view-
ing geometry due to the absence of an interpulse. Assum-
ing the presence of an illuminated beam with half-opening
angle ρ at each magnetic pole, we expect to observe an
interpulse when the line of sight passes within ρ of both
ends of the magnetic axis. This occurs when the conditions
α − ρ < ζ < α + ρ and 180◦ − α − ρ < ζ < 180◦ − α + ρ
are both satisfied, where ζ = α+β is the angle between the
line of sight and the rotation axis. The lack of an interpulse
indicates that the second condition, which can be written as
− 2α+ 180◦ − ρ < β < −2α+ 180◦ + ρ, (7)
is not satisfied. If the minimum allowed ρ value calculated
from Eq. 4 is non-zero, the corresponding region of (α, β)
space can be excluded, under the given assumptions. The
boundaries of this region are displayed in Figs. 1 - 28 (where
applicable) as red diagonal lines.
3 RESULTS ON INDIVIDUAL PULSARS
In this section we present and discuss the constraints to the
viewing geometry for each pulsar in the sample. Table 1 sum-
marises the wavelength, rotation measure and pulse phase
resolution used, the favoured values and allowed ranges de-
termined for φ0 and φfid, and the subsequently calculated
values of ∆φ, Wopen and hem for each pulsar. Derived half-
opening angles of the beam, ρ, and the allowed ranges of α
and β are presented in Table 2.
3.1 PSR J0631+1036 (Fig. 1)
The profile for this pulsar is highly symmetrical, which
makes it likely that the fiducial plane is close to the cen-
tre of the profile. However, to ensure that the constraint on
the viewing geometry is conservative we have allowed the
Figure 1. PSR J0631+1036 at 20 cm. The upper panel in the
top plot shows the profile. The black profile represents the total
intensity and the red and green profiles give the intensity due
to the linearly and circularly polarised components of the emis-
sion respectively. The convention is used that circular polarisation
intensity is positive for left-handed polarisation and negative for
right-handed polarisation. The horizontal bars show the preferred
position and range of positions which were considered for the fidu-
cial plane (above the profile) and the start and end of the pulse
(below the profile). The lower panel shows the PA points with a
significance greater than 2σ superimposed with the global least-
χ2 RVM fit. The horizontal bar in this panel shows the position of
the inflection point including its 3σ error. The bottom plot shows
the (reduced) χ2 surface (greyscale, with contours corresponding
to 1σ, 2σ and 3σ) overlain with the solutions consistent, within
the uncertainties, with the A/R effect in combination with the
observed pulse width (green region). The key at the right-hand
side of the plot describes the magnitude of the reduced-χ2. The
‘favoured’ contour, which corresponds to the preferred values of
φ0, φfid and the pulse edges, is shown in orange. Viewing geome-
tries between the two red (straight diagonal) lines are inconsistent
with the lack of an observed interpulse.
fiducial plane to be located at any point between the two
central peaks.
The constraints on the viewing geometry of this pulsar
are consistent with the earlier results of Weltevrede et al.
(2010), who found hem = 600 km and ρ = 18
◦. Solutions
with ∼ 90◦ < α < ∼ 100◦ are excluded by the lack of a
visible interpulse.
c© 2002 RAS, MNRAS 000, 1–23
Radio observations of γ-ray-loud pulsars 5
Figure 2. PSR J0659+1414 at 20 cm. As Fig. 1.
3.2 PSR J0659+1414 / B0656+14 (Fig. 2)
This pulsar has a long history of polarization studies over a
wide range of frequencies (Lyne & Manchester 1988; Rankin
1993; Everett & Weisberg 2001; Johnston et al. 2006;
Johnston et al. 2007; Weltevrede et al. 2010; Weisberg et al.
2004). The profile is roughly triangular at our observing
frequency. However, the profile is not symmetric about the
peak. The leading edge shows depolarisation (which may be
indicative of a conal component). The observed component
could be the trailing component in a double, as noted for
several pulsars by JW06. Therefore the possibility that the
fiducial plane is before the peak was included in the allowed
range. The range of possible locations of the trailing edge
was extended to include the trailing component.
Our results are on the viewing geometry are consis-
tent with the values derived in (Weltevrede et al. 2010;
Johnston & Weisberg 2006).
3.3 PSR J0729–1448 (Fig. 3)
This profile is asymmetric at 1.4 GHz, which means there is
ambiguity in the position of the fiducial plane. At 3.1 GHz
the profile becomes double peaked, with the newly-apparent
peak coinciding with the earlier component in this profile
(JW06). This implies that the fiducial plane is between these
two components. This is reflected in the choice of upper and
Figure 3. PSR J0729–1448 at 20 cm. As Fig. 1.
lower limits on φfid, which correspond to the peaks of the
trailing and leading components.
JW06 found hem = 630 km and a corresponding ρ =
20◦. They also found α to be unconstrained while 0◦ < β <
9◦. Our values are consistent with these results. We can
exclude α < 32◦ and α > 148◦ which in turn indicates
2◦ < β < 7◦.
3.4 PSR J0742–2822 / B0740–28 (Fig. 4)
Polarization profiles of this pulsar have been presented most
recently in Johnston et al. (2005), Karastergiou & Johnston
(2006) and Weltevrede et al. (2010) and the pulsar was
shown to alternate between two profile states by Keith et al.
(2013). The profile is complex, with a boxy structure show-
ing several prominent peaks and a smaller trailing compo-
nent. The evolution of the profile with frequency is also com-
plex (Johnston et al. 2006). For this reason we assign a wide
range to φfid from 179
◦ to 190◦. As a consequence this does
not lead to a useful additional constraint in (α, β) space.
We note in passing that the orthogonal polarization
mode (OPM) jump at the trailing edge of the profile at 3.1
GHz seen by Karastergiou & Johnston (2006) is clearly seen
here for the first time at 1.4 GHz, at 194◦ pulse phase, and
has been included in the fit.
c© 2002 RAS, MNRAS 000, 1–23
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Figure 4. PSR J0742–2822 at 20 cm. As Fig. 1.
3.5 PSR J0835–4510 / B0833–45 (Fig. 5)
PSR J0835–4510 (Vela) is the pulsar on which the RVM
was based (Radhakrishnan & Cooke 1969). It is the bright-
est pulsar in the sky at this wavelength and emission can
be seen down to very faint levels (50 dB below the peak).
Multi-frequency observations strongly suggest that the peak
seen at 1369 MHz is the core component followed by the
trailing cone with the leading cone absent (Johnston et al.
2001, 2006; Keith et al. 2011). This is the motivation for our
choice of φfid.
Johnston et al. (2001) claim α = 55◦, β = −6◦ whereas
Johnston et al. (2005) have α = 43◦, β = −6.5◦. X-ray ob-
servations of the torus by Ng & Romani (2004) allowed a
determination of α + β to be 64◦, inconsistent with the
Johnston et al. (2005) result. Ng & Romani suggest a so-
lution with α = 70◦, β = −6◦. Recent γ-ray constraints
(Romani & Watters 2010) also prefer α values close to 70◦.
We note the Johnston et al. (2005) solutions are not consis-
tent with our RVM fits.
Our result would be strongly affected by what we as-
sume as the overall pulse width. Taking the pulse edges to
be at 10% of the peak intensity (consistent with the rest of
the paper) leads to (α, β) = (74◦, −7.3◦). This is in good
agreement the Ng & Romani (2004) constraint and the γ-
ray models. This scenario is used in Table 1 and in subse-
quent analysis.
Figure 5. PSR J0835–4510 at 20 cm. As Fig. 1.
3.6 PSR J0908–4913 / B0906–49 (Fig. 6)
This pulsar is one of two in the sample for which an in-
terpulse is detected. Kramer & Johnston (2008) found a
remarkably well-constrained α ∼ 96◦ using RVM fitting.
However, they also showed that the geometry they deter-
mined varied slightly with observing frequency, from (α, β)
= (96.6◦, –8.1◦) at 1.4 GHz to (96.1◦, –5.9◦) at 8.4 GHz.
They attributed this variation to a small amount of scatter-
ing by the interstellar medium. They therefore favour the
viewing geometry determined at 8.4 GHz, as this higher fre-
quency will be least affected. They suggested the fiducial
plane to coincide with the centre of the interpulse and hence
also with the leading component of the main pulse. This
component has a high spectral index, suggesting an origin
close to the magnetic axis. From this they obtain hem ∼ 230
km and ρ ∼ 18◦.
We used a range of φfid values to lie between
the two components for both the main pulse and the
interpulse (which is too wide to constrain the view-
ing geometry further). Our results agree with those of
Kramer & Johnston (2008) at the corresponding frequency.
We therefore adopt the viewing geometry determined at 8.4
GHz by Kramer & Johnston (2008) as the preferred viewing
geometry.
c© 2002 RAS, MNRAS 000, 1–23
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Figure 6. PSR J0908–4913 at 20 cm. As Fig. 1. The profiles
shown are the main pulse (upper panel) and the interpulse (mid-
dle panel). Both profiles are normalised to the maximum intensity
of the main pulse. The edges of the interpulse were determined
according to 10% of the interpulse maximum intensity. The blue-
green shading represents the superposition of the A/R constraints
from the main pulse and from the interpulse. It can be seen that
neither of these constraints can exclude any of the displayed re-
gion of α and β.
3.7 PSR J0940–5428 (Fig. 7)
The profile for the pulsar is double peaked (JW06) and likely
to be a conal double. The range of φfid was chosen between
the two components with a position approximately at the
Figure 7. PSR J0940–5428 at 20 cm. As Fig. 1.
midpoint of this range being favoured. JW06 found α to be
unconstrained and β < 20◦, in agreement with our results.
The profile is unusually wide, at some 60◦. The rela-
tively large proportion of the pulse period that the line of
sight spends within the emission region implies a small α
value or a large emission height. The combination of the A/R
effect and the χ2 surface suggests that the emission height
cannot be very large, thereby excluding 49◦ < α < 122◦.
3.8 PSR J1016–5857 (Fig. 8)
This profile is a double as shown also by JW06. The PA
curve shows a large difference in PA when the two com-
ponents are compared. This was found to be relatively well
fitted by an OPM jump between the two components, which
resulted in a ∼ 3 times lower reduced-χ2.
The inflection point occurs earlier than the midpoint
between the two components. This leads us to believe that
we are not seeing a conal double, but rather a core compo-
nent and a trailing cone with the leading cone missing. We
have therefore judged φfid to be located at the peak of the
first component. The small inferred emission height implies
that the two axes are close to alignment. This is reinforced
by the large width of the pulse, which is ∼ 45◦.
c© 2002 RAS, MNRAS 000, 1–23
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Figure 8. PSR J1016–5857 at 20 cm. As Fig. 1.
Figure 9. PSR J1019–5749 at 10 cm. As the upper plot in Fig. 1.
3.9 PSR J1019–5749 (Fig. 9)
This pulsar is highly scattered by the interstellar medium,
even at 3100 MHz. Smearing of the PA curve towards later
phase means the steepest part of the curve will appear to be
earlier than the true position of the inflection point. Also, as
the profile is distorted, it is difficult to obtain reliable esti-
mates of the fiducial plane position and the pulse width. We
therefore have not included this pulsar in further analysis.
Figure 10. PSR J1028–5819 at 20 cm. As Fig. 1. The A/R con-
straint shown corresponds to the case in which the emission re-
gion fills the open-field-line region, in order to be consistent with
the other plots presented in this paper. However, as discussed in
the text, it appears likely that the true viewing geometry is at a
smaller β than allowed by this constraint.
3.10 PSR J1028–5819 (Fig. 10)
This pulse profile is by far the narrowest in the sample. It
was discovered and analysed by Keith et al. (2008). The po-
larisation position angle is constant across the pulse, as can
be seen in the figure, meaning the RVM curve for virtually
any viewing geometry can be made to fit the data. There
are two explanations for such a narrow profile – a nearly di-
ametrical cut across a small emission region, or a grazing cut
at the edge of a larger emission region. The latter is unlikely
to be the case for this pulsar, as radius-to-frequency map-
ping (Komesaroff 1970) would cause the pulse width to be
very sensitive to frequency. The pulse profiles in Keith et al.
(2008) show no significant change in the width between 1.4
GHz and 3.1 GHz.
The profile is an apparent double. The fiducial plane
would then be at the midpoint between the two peaks. Al-
ternatively, it is possible that either of these is a core compo-
nent and the other a conal component, with the other conal
component remaining undetected. For this reason the range
of possible fiducial plane positions chosen stretches between
the two peaks.
The lack of a gradient of the PA curve shows that the
A/R effect must be sufficient to move the inflection point
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Figure 11. PSR J1048–5832 at 20 cm. As Fig. 1.
outside the on-pulse region. This then gives a lower limit on
hem and hence ρ. We find that ρ > 4
◦ if the fiducial plane
coincides with the trailing peak and ρ > 9◦ if the fiducial
plane coincides with the leading peak. Under the assumption
that the emission region fills the open-field-line region, such
a limit on ρ, coupled with the small value of Wopen, makes
the contours virtually independent on α such that |β| ≈ ρ.
However, to explain the lack of frequency evolution of the
pulse width we must assume β to be significantly less than
ρ. To allow such solutions, the illuminated part of the beam
must be at least a factor of 2 smaller than the open-field-line
region.
3.11 PSR J1048–5832 / B1046–58 (Fig. 11)
This pulsar is peculiar in the sample in that it shows a com-
ponent with a very low fractional linear polarization. The
profile is complex and shows a strong variation with fre-
quency (Karastergiou et al. 2005; Johnston et al. 2006).
The RVM fit for this pulsar is good and the χ2 surface
alone allows values of α > 90◦ and values of β < 0 and β >
10◦ to be excluded. Also, β is exceptionally well constrained
for a given α.
The position of the fiducial plane in the profile is not
obvious as there is not a high degree of symmetry. At higher
frequencies the profile becomes more symmetric about ∼
180◦, suggesting this is the position of the fiducial plane.
However, a conservative estimate 161◦ < φfid < 186
◦ was
used, which includes all possibilities around the dominant
component, and also allows for the possibility of an unde-
tected leading component (JW06). This range allows the
constraint to be refined further to α < 50◦, 0◦ < β < 7.5◦.
3.12 PSR J1057–5226 / B1055–52 (Fig. 12)
This pulsar exhibits an interpulse and it has been argued
that the two pulses originate from opposite poles (Biggs
1990; Wang et al. 2006). An investigation into the viewing
geometry by Weltevrede & Wright (2009) determined (α, β)
≈ (75◦, 36◦). In that paper the authors argued that the
fiducial plane was between the central spike and the trailing
component of the interpulse, and hence was at the leading
edge of the main pulse. Independently of this choice they
concluded that the main pulse was generated outside what
is conventionally thought to be the open-field-line region,
with the trailing edge of the main pulse most likely origi-
nating a factor of two further from the magnetic axis than
the last open field lines.
The RVM fit to the PA curve is good for the main
pulse and the leading half of the interpulse. However, there
is an abrupt jump in ψ at the approximate centre of the
interpulse, which is accompanied by complete depolarisa-
tion. This deviation is more pronounced than in the data of
Weltevrede & Wright (2009) due to the increase in S/N. It
is not possible to find an RVM curve which will simultane-
ously fit the data on both sides of the jump. Despite this, the
χ2 surface presented here is well constrained and consistent
with the viewing geometry of the earlier paper.
According to Weltevrede & Wright the emission region
responsible for the main pulse is not confined to the conven-
tional open-field-line region. For this reason the constraint
from the emission height and pulse width presented here was
calculated using the interpulse only. Possible positions of the
fiducial plane between the leading and trailing components
(241◦ < φfid < 264
◦) were considered, with the favoured
value coinciding with the fiducial plane position used in the
earlier paper. The resulting constraint (shown in blue in the
figure) is consistent with the χ2 surface. The favoured con-
tour is consistent with the viewing geometry reported by
Weltevrede & Wright.
3.13 PSR J1105–6107 (Fig. 13)
JW06 found 0◦ < β < 4◦ and α to be unconstrained for this
pulsar. Our χ2 surface is less well constrained in β, although
we can exclude β > 5◦ at the 3σ level. We can also exclude
α > 140◦ based on the RVM fit alone.
The profile shows a high degree of symmetry at this
frequency. This suggests that the fiducial plane is at the
centre of the profile. However, at 3100 MHz the trailing
component is significantly more intense than the leading
component (JW06). This difference in spectral index might
suggest that one of the components is a core component,
and for this reason the fiducial plane range was taken as
167◦ < φfid < 180
◦. Combination of this constraint with
the χ2 surface indicates that 28◦ < α < 140◦.
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Figure 12. PSR J1057–5226 at 20 cm. As Fig. 1. The profiles
shown are the main pulse (upper panel) and the interpulse (mid-
dle panel). Both profiles are normalised to the maximum intensity
of the main pulse. The edges of the interpulse were determined
according to 10% of the interpulse maximum intensity. The con-
straint from the A/R effect (blue region) was derived using the
interpulse only. However, α and β are expressed with respect to
the main pulse.
3.14 PSR J1112–6103 (Fig. 14)
The reduced-χ2 of the RVM fit is good for this pulsar. The
χ2 surface is correspondingly well constrained in β, giv-
ing −5.5◦ < β < 0. The positions of the two peaks were
used as the limits on the fiducial plane position. This only
marginally improves the constraint in (α, β) space.
Figure 13. PSR J1105–6107 at 20 cm. As Fig. 1.
3.15 PSR J1119–6127 (Fig. 15)
This pulsar usually exhibits a single component as shown
by the solid lines in the figure and by JW06. However, on
one occasion (Weltevrede et al. 2011) a second, comparable
component was observed, the peak of which was ∼ 20◦ later
in phase than the commonly observed peak (shown as the
dashed line in the figure). In the same paper, two RRAT-like
components were reported, flanking the two main compo-
nents.
Although the PA curve obtained from our data contains
points over a smaller range of phase (155◦ < φ < 200◦) than
that in Weltevrede et al. (2011), our improved S/N results
in a more constrained χ2 surface from RVM fitting. We also
included the values from Weltevrede et al. (2011) at later
phase, which allowed the constraint to be improved further.
Weltevrede et al. (2011) discussed possible alignments
of the double-peaked profile relative to the single-peaked
profile and argued that only a coincidence between the peaks
of the single profile and the leading component of the dou-
ble profile is plausible. If the double-peaked profile was pre-
sumed to occur earlier relative to the single-peaked profile
the values derived here for the emission height, beam half-
opening angle and α would all increase.
We consider two situations, one in which the RRAT-
like components are outside the open-field-line region and
the other in which they are inside the open-field-line region.
In both cases, the component configuration would have a
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Figure 14. PSR J1112–6103 at 10 cm. As Fig. 1.
high degree of mirror symmetry about a pulse phase ∼ 190◦.
This therefore seems the likely position of the fiducial plane,
although the range of allowed values was taken to be between
the two peaks of the double profile. The range of ρ values
was the same for the two situations.
The choice of location of the pulse edges depends on
whether or not the RRAT-like emission was generated on
open field lines. In the first situation (outer components out-
side the open-field-line region) the region 62◦ < α < 132◦
was excluded (middle panel in the figure). In the other sit-
uation this exclusion extended to 48◦ < α < 144◦ (bottom
panel in the figure). It is unclear which situation is correct.
Both scenarios are quoted in Table 1. The favoured contour
used in subsequent analysis was that corresponding to the
situation in which the RRAT-like components are outside
the open-field-line region, as this scenario provides the more
conservative constraint on the viewing geometry. However,
the favoured geometry is similar in the two situations, so
this choice is not critical to the conclusions of this paper.
3.16 PSR J1357–6429 (Fig. 16)
The profile is symmetric, single and broad with a shallow
PA curve resulting in a relatively poor constraint on β from
RVM fitting alone and we find that 0◦ < β < 60◦. This
is at odds with Lemoine-Goumard et al. (2011) who appear
however to have used a value of the slope of the PA curve
which is much too high.
Figure 15. PSR J1119–6127 at 20 cm. As Fig. 1. In addition,
the dashed line describes the total intensity of the double-peaked
profile as reported by Weltevrede et al. (2011). The PA values
at φ > 200◦ (marked x) are from the double-peaked profile and
fitting was performed on the concatenated PA curve. The con-
straints are shown for the cases with the RRAT-like components
(not visible in the profile) outside (middle panel) and inside (bot-
tom panel) the open-field-line region.
The symmetry in the profile suggests that the fiducial
plane corresponds to the peak (∼ 180◦), close to the inflec-
tion point of the PA curve. This means that ρ is likely to
be small (although the large error on φ0 allows significantly
larger ρ values). Also, the profile is wide. These two effects
suggest that the axes are close to being aligned. To allow
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Figure 16. PSR J1357–6429 at 20 cm. As Fig. 1.
a scenario in which the leading peak of a double-peaked
profile is unobserved (JW06), a conservative fiducial plane
range was chosen. The combination of the two constraints
shows that α < 55◦ or > 102◦ and that 0◦ < β < 50◦,
while the favoured contour suggests that both α and β are
significantly smaller than this.
3.17 PSR J1410–6132 (Fig. 17)
The profile is highly scattered at 20 cm and at 10 cm. For
this reason we used archival data taken at 5 cm using the
Parkes telescope in 2007 November. The profile exhibits a
single component. A conservative estimate of the fiducial
plane position was adopted, which includes virtually the en-
tire pulse.
The PA curve is well fitted by the RVM with only a
small error on φ0. The resulting χ
2 surface shows that 0◦ <
β < 5.5◦, with an excellent constraint on β for a given α.
The conservative φfid estimate means that the A/R effect
cannot constrain the geometry further.
3.18 PSR J1420–6048 (Fig. 18)
The profile of this pulsar is wide and double (see also
Johnston & Weisberg 2006; Weltevrede et al. 2010).
The higher S/N of our data allows an improved RVM fit.
The χ2 surface in the figure shows that α < 70◦ and β < 15◦.
Although more constrained, the surface is consistent with
Figure 17. PSR J1410–6132 at 5 cm. As Fig. 1.
that of Weltevrede et al. (2010). Assuming the fiducial plane
is between the two peaks allows the viewing geometry to be
constrained to α < 33◦, 0◦ < β < 8.5◦ when aberration is
taken into account.
3.19 PSR J1509–5850 (Fig. 19)
The S/N of the profile is low but shows a double compo-
nent similar to that shown in Weltevrede et al. (2010). The
percentage linear polarisation was found in that paper to
be relatively low for this pulsar and the data prevented the
authors constructing a PA curve or an RVM fit.
We find a similarly low percentage linear polarisation,
but the increased S/N of our data allows a PA curve to be
measured, a first for this pulsar. Similarly to PSR J1028–
5819 (§ 3.10), the limited range over which the PA can be
determined, coupled with its shallow gradient, means that
the RVM curve for virtually any viewing geometry can be
made to fit the data. We therefore exclude this pulsar from
further analysis.
3.20 PSR J1513–5908 / B1509–58 (Fig. 20)
The profile appears as a single component with a very low
intensity leading shoulder at pulse phase 120◦ − 145◦. This
leading shoulder appears more significant at higher frequen-
cies (JW06). The larger degree of circular polarisation in the
trailing component is a feature typical of double profiles in
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Figure 18. PSR J1420–6048 at 20 cm. As Fig. 1.
young pulsars (e.g., JW06). Hence, the fiducial plane posi-
tion range was chosen as 120◦ < φfid < 187
◦. However, to
allow for the possibility that the leading shoulder does not
originate within the open-field-line region, the allowed range
for the location of the leading edge was extended to the lead-
ing edge of the trailing component. The measured PA curve
is very well fitted by the RVM. However, as the curve is rel-
atively shallow, neither α nor β can be constrained from the
χ2 surface alone.
The 3σ error on φ0 is larger than the range of phase
shown in the figure, indicating that the emission height, and
hence ρ, are highly uncertain. As a result, the combined
constraint from the χ2 surface and the A/R effect is unable
to constrain α and provides a relatively poor β constraint,
β < 70◦.
3.21 PSR J1531–5610 (Fig. 21)
The PA curve is shallow, meaning that β is relatively poorly
constrained from the χ2 surface. The profile exhibits two
components, so the limits on the position of the fiducial
plane were chosen to coincide with the two peaks and the
midpoint between the two peaks was chosen as the favoured
value of φfid. The resulting constraint suggests that −43
◦ <
β < 0 but leaves α unconstrained.
Figure 19. PSR J1509–5850 at 20 cm. As Fig. 1. No constraint
from the emission height and pulse width is possible as the nature
of the best fit, and therefore φ0, is highly uncertain.
3.22 PSR J1648–4611 (Fig. 22)
The profile is scattered at 1.4 GHz, hence we show the
3.1 GHz profile here. The profile is symmetric giving a strong
indication that the fiducial plane is at the midpoint between
the two peaks. However, to account for the possibility of a
missing component either before or after the observed pro-
file, all phases between the two peaks were included in the
range of possible positions of the fiducial plane. The χ2 sur-
face is relatively well constrained, to −15◦ < β < 0. The
relatively large error on φ0 means that neither α nor β can
be further constrained by the A/R effect.
3.23 PSR J1702–4128 (Fig. 23)
The profile contains a dominant component with a shoulder
at its leading edge, ∼ 8◦ before the peak. This suggests that
the profile is an overlapping double. Judging by the profile
the fiducial plane is between the two components. However,
as for other pulsars in this sample we allow for a missing
leading component (JW06). The combined constraint shows
that solutions in the region 68◦ < α < 120◦ can be excluded.
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Figure 20. PSR J1513–5908 at 20 cm. As Fig. 1.
3.24 PSR J1709–4429 / B1706–44 (Fig. 24)
RVM fitting alone imposes the limit 5◦ < α < 73◦, 2.5◦ <
β < 24◦ on the viewing geometry for this pulsar. The pro-
file is a single component with a high degree of symmetry
over a wide range of radio frequencies (Johnston et al. 2005;
Karastergiou et al. 2005; Johnston et al. 2006). However, to
account for the possibility of the observed component be-
ing the trailing side of a double, the chosen range of fidu-
cial plane position was extended considerably towards ear-
lier pulse phase. When combined with the χ2 surface this
predicts 12◦ < α < 50◦ and 5.5◦ < β < 19◦.
3.25 PSR J1718–3825 (Fig. 25)
The profile exhibits three components. The central compo-
nent could be a core component, with a conal component on
either side. Alternatively, the profile could show one side of
a core-double-cone configuration, in which case either of the
outer components could be the core. To allow for these pos-
sibilities, positions of the fiducial plane between the leading
and trailing components were considered. The midpoint be-
tween the peaks of the two outer components, which roughly
coincides with the centre of the profile, was taken as the
favoured position of the fiducial plane. The large width of
the profile suggests that the axes are relatively aligned and
that α < 63◦ or 111◦ < α < 148◦.
This pulsar was included in the sample of
Figure 21. PSR J1531–5610 at 20 cm. As Fig. 1.
Weltevrede et al. (2010) and the results obtained here
are largely consistent with theirs.
3.26 PSR J1730–3350 / B1727–33 (Fig. 26)
The data used here were taken at 10 cm as the profile is
scattered at longer wavelengths. The figure shows that the
RVM fit for this pulsar can constrain −10◦ < β < 0, but
leaves α unconstrained. If the fiducial plane coincided with
the single peak in the profile it would clearly be later than
the inflection point, which would result in an unphysical
negative emission height.
Furthermore, the observed component is steeper at the
trailing edge, which is characteristic of a leading conal com-
ponent. This could suggest that any missing component
would be later, not earlier, than the observed component.
However, to prevent a negative emission height it seems
likely that there is an absent leading component (similar
to the transient trailing component of PSR J1119–6127, see
§ 3.15). This would allow the fiducial plane to be at a suf-
ficiently early phase to make the offset ∆φ positive and is
therefore included in the allowed range for φfid. The inferred
values of α and β are highly sensitive to the fiducial plane
position and the conservative range chosen here does not
allow the viewing geometry to be constrained further than
the χ2 surface.
Crawford et al. (2001) reported a constraint of |β| < 5◦
for this pulsar from RVM fitting. However, the data they
c© 2002 RAS, MNRAS 000, 1–23
Radio observations of γ-ray-loud pulsars 15
Figure 22. PSR J1648–4611 at 10 cm. As Fig. 1.
used were taken at 1351 MHz. Hence, scattering will have
affected their RVM fit and is likely to be the source of the dis-
crepancy between that result and the constraint presented
here.
3.27 PSR J1801–2451 / B1757–24 (Fig. 27)
The profile shows a single component, suggesting the fidu-
cial plane could be close to the peak. Alternatively, this may
be a trailing conal component; the profile is slightly steeper
at the leading edge, which is characteristic of such compo-
nents. In this case the fiducial plane would be close to the
leading edge of the pulse. The inflection point of the best
RVM fit is slightly earlier in phase than the peak, although
the relatively large 3σ error on this value allows small pos-
itive offsets even if φfid is close to the peak. The combined
constraint from RVM fitting and the emission height limits
α < 57◦ or > 131◦ and −12◦ < β < 0.
3.28 PSR J1835–1106 (Fig. 28)
The χ2 surface indicates that 0◦ < β < 13◦. The profile
exhibits a single peak, which could indicate that the fidu-
cial plane is at the observed peak. However, it was noted
by JW06 that the trailing component of a double profile in
young pulsars is often the more intense. It is therefore pos-
sible that there is a leading component which has not been
observed. The range of fiducial plane positions was chosen
Figure 23. PSR J1702–4128 at 10 cm. As Fig. 1.
to reflect these two possibilities. This large φfid range, along
with the comparatively large error on φ0, leads to a large
range of possible ρ values. As a result the A/R effect does
not help constrain α.
4 THE DERIVED α DISTRIBUTION
The α distribution of the sample was investigated by consid-
ering the favoured α values of 25 of the pulsars. These and
the associated β values are given in Table 2. Each favoured
value was determined by finding the “crossing point”, the
point along the favoured contour (§ 2.3) for which χ2 was
lowest and within the 3σ limit. In three out of 28 cases this
was not possible. These were PSR J1019–5749, for which
φfid could not be determined due to scattering-induced dis-
tortion of the profile, and PSRs J1028–5819 and J1509–5850,
for which φ0 could not be determined due to the shallow gra-
dient of the respective PA curves. In four cases3 the favoured
contour was inconsistent with the χ2 surface. Possible rea-
sons for this are a small error in the choice of the preferred
position of the fiducial plane or measurement uncertainties
in the position of the inflection point or pulse edges. Alterna-
tively it is possible that both intersections of the last-open-
field-lines by the line of sight occur outside the observed
pulse, in which case Wopen will have been underestimated.
3 PSRs J0729–1448, J0742–2822, J0908–4913 and J1105–6107
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Table 1. Values of the key measured and derived parameters of each pulsar in the sample, as determined during the process of constraining
the viewing geometry. These are, respectively, the observation wavelength (λ), the rotation measure used to de-Faraday rotate the data,
the pulse phase resolution (Nbins) used, the phase of the inflection point, the phase of the fiducial plane, the relative offset, the inferred
range of rotational phase for which the line of sight samples the open-field-line region, Wopen, and the derived emission height. In the
cases of PSRs J0908–4913 and J1057–5226, MP and IP refer to the main pulse and interpulse. In the case of PSR J1119–6127, (a)
and (b) correspond to the scenarios in which the RRAT-like components are outside and inside the open-field-line region respectively
(see § 3.15). Rotation measure references: [1] Noutsos et al. (2008); [2] Weisberg et al. (2004); [3] Johnston & Weisberg (2006); [4]
Johnston et al. (2005); [5] Qiao et al. (1995); [6] Han et al. (2006); [7] Keith et al. (2008); [8] Taylor et al. (1993); [9] O’Brien et al.
(2008); [10] Weltevrede & Johnston (2008a); [11] Crawford et al. (2001).
PSR λ RM Nbins φ0 /
◦ φfid /
◦ ∆φ / ◦ Wopen / ◦ hem / km
/ cm / rad m−2 / bins
J0631+1036 20 137 [1] 512 185.4 ± 3.61.6 177.0 ± 3.0 8.4 ±
6.6
4.6 26 ±
12
5 500 ±
400
280
J0659+1414 20 23.5 [2] 128 193.7 ± 8.64.6 178.0 ±
5.0
23.0 15.7 ±
31.6
9.6 34 ±
60
7 1300 ±
2500
800
J0729–1448 20 46 [3] 256 184.4 ± 1.01.1 173.0 ±
7.0
8.0 11.4 ±
9.0
8.1 29 ±
19
7 600 ±
470
420
J0742–2822 20 149.95 [4] 1024 188.6 ± 1.50.4 183.0 ±
7.0
4.0 5.6 ±
5.5
5.6 16 ±
14
2 190 ± 190
J0835–4510 20 31.38 [4] 1024 184.4 ± 0.40.3 180.0 ± 2.0 4.4 ±
2.4
2.3 20 ± 9 81 ±
44
42
J0908–4913 (MP) 20 10 [5] 1024 94.3 ± 0.40.5 81.0 ±
9.0
0.0 13.3 ±
0.4
9.5 24 ±
1
14 300 ±
10
210
J0908–4913 (IP) 20 10 [5] 1024 274.3 ± 0.40.5 263.0 ±
5.5
6.0 11.3 ±
6.4
6.0 18 ±
13
3 250 ±
140
130
J0940–5428 20 –31 [3] 256 179.7 ± 4.310.9 171.0 ±
10.0
8.0 8.7 ±
12.3
8.7 48 ±
20
14 160 ±
230
160
J1016–5857 20 –540 [3] 256 165.1 ± 4.65.7 162.0 ±
6.0
4.0 3.1 ±
8.6
3.1 61 ±
11
15 69 ±
191
69
J1019–5749 10 –366 [6] 128 163.2 ± 5.8 — — — —
J1028–5820 20 –5 [7] 1024 — 179.5 ± 1.0 — 3 ± 20 —
J1048–5832 20 –155 [5] 256 183.2 ± 0.90.7 180.0 ±
6.0
19.0 3.2 ±
19.9
3.2 34 ±
40
11 82 ±
513
82
J1057–5226 (MP) 20 47.2 [8] 1024 90.6 ± 8.814.9 90.0 ±
22.0
14.0 0.6 ±
22.8
0.6 46 ±
29
14 24 ±
935
24
J1057–5226 (IP) 20 47.2 [8] 1024 270.6 ± 8.814.9 255.6 ±
8.4
14.6 15.0 ±
23.4
15.0 45 ±
32
9 620 ±
960
620
J1105–6107 20 187 [3] 256 183.3 ± 0.90.6 174.0 ±
6.0
7.0 9.3 ±
7.9
6.6 25 ±
17
4 120 ±
100
90
J1112–6103 10 242 [6] 256 182.8 ± 1.41.0 178.0 ±
6.0
9.0 4.8 ±
10.4
4.8 29 ±
20
4 64 ±
140
64
J1119–6127 (a) 20 853 [3] 128 190.3 ± 18.86.2 188.5 ±
10.0
11.5 1.8 ±
30.3
1.8 72 ±
25
12 150 ±
2570
150
J1119–6127 (b) 20 853 [3] 128 190.3 ± 18.86.2 188.5 ±
10.0
11.5 1.8 ±
30.3
1.8 102 ±
25
17 150 ±
2570
150
J1357–6429 20 –47 [3] 128 181.7 ± 39.44.6 180.0 ±
10.0
35.0 1.7 ±
74.4
1.7 72 ±
82
20 58 ±
2571
58
J1410–6132 5 2400 [9] 128 177.1 ± 0.60.7 176.0 ±
5.0
6.0 1.1 ±
6.6
1.1 20 ±
16
8 11 ±
68
11
J1420–6048 20 –122 [3] 128 167.7 ± 2.12.5 163.0 ±
20.0
21.0 4.7 ±
23.1
4.7 74 ±
52
16 66 ±
327
66
J1509–5850 20 0 256 — 191.0 ± 15.014.0 — 52 ±
36
14 —
J1513–5908 20 216 [3] 128 172.4 ± 105.6104.4 155.0 ±
32.0
35.0 17.4 ±
140.6
17.4 114 ±
82
60 550 ±
4420
550
J1531–5610 20 –50 [6] 256 178.7 ± 33.08.8 170.0 ±
11.0
10.0 8.7 ±
43.0
8.7 38 ±
36
11 150 ±
750
150
J1648–4611 10 –682 [6] 512 185.1 ± 7.19.8 184.0 ±
5.0
6.0 1.1 ±
13.1
1.1 22 ±
14
4 37 ±
450
37
J1702–4128 10 –160 [10] 256 177.9 ± 4.94.5 176.0 ±
5.0
18.0 1.9 ±
22.9
1.9 34 ±
42
11 71 ±
867
71
J1709–4429 20 0.7 [4] 128 190.9 ± 3.22.5 180.0 ±
5.0
35.0 10.9 ±
38.2
7.5 46 ±
74
11 230 ±
810
160
J1718–3825 20 113 [6] 256 203.7 ± 7.44.4 198.0 ±
17.0
18.0 5.7 ±
25.4
5.7 58 ±
52
12 89 ±
396
89
J1730–3350 10 –142 [11] 512 175.0 ± 3.52.6 173.0 ±
6.0
5.0 2.0 ±
8.5
2.0 26 ±
16
18 57 ±
245
57
J1801–2451 20 637 [6] 256 176.6 ± 2.85.7 166.0 ±
16.0
4.0 10.6 ±
6.8
10.6 58 ±
16
38 280 ±
180
280
J1835–1106 20 42 [1] 512 186.0 ± 1.76.6 169.0 ±
13.0
5.0 17.0 ±
6.7
17.0 42 ±
14
27 590 ±
230
590
It follows from Eq. 6 that a given ρ contour will deform
and shift towards larger |β| values. For these pulsars the
favoured contour was closest to the 3σ limit when α ≈ 90◦,
so these pulsars were assumed to be orthogonal rotators. In
the table we use the result from Kramer & Johnston (2008)
for PSR J0908–4913 and set α = 90◦ for the other three
pulsars.
The resulting α distribution (Fig. 29) shows a pro-
nounced skew towards low α values, with an unexpect-
edly low number of sources with 40◦ < α < 80◦. In
a typical sample of young pulsars, for which alignment
of the axes via magnetic torques has yet to take effect
(Tauris & Manchester 1998; Weltevrede & Johnston 2008b;
Young et al. 2010), the axes would be expected to be ran-
domly orientated, leading to a sinusoidal α distribution (e.g.,
Gil & Han 1996). Furthermore, our sample of young pulsars
are all γ-ray-detected. Watters et al. (2009) predicted that
pulsars are more easily detectable in γ-rays when α is large,
and therefore we would expect our sample to have a bias
towards high α values relative to the sinusoidal distribu-
tion. The figure shows that this clearly is not the case. The
Kolmogorov-Smirnov (KS) test allows us to quantify how
dissimilar two distributions are (Press et al. 1986). A low
enough probability indicates that the two distributions are
statistically different. The result of such a test in which the
observed α distribution was compared to a sinusoidal distri-
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Table 2. The beam half-opening angles, allowed and favoured viewing geometries for the sample. In the cases of PSRs J0908–4913 and
J1057–5226, MP and IP refer to ρ values for, and α and β values with respect to, the main pulse and interpulse. In the case of PSR
J1119–6127, (a) and (b) correspond to the scenarios in which the RRAT-like components are outside and inside the open-field-line region
respectively. Footnotes: * The favoured α value is set to 90◦ as these pulsars are argued to be orthogonal rotators (see text). The favoured
β is that at which the reduced-χ2 is lowest for α = 90◦. † The allowed ranges of α and β were derived from our data whereas the given
favoured solution is that determined at 8.4 GHz by Kramer & Johnston (2008), as discussed in § 3.6. △ The beamwidth and viewing
geometry could not be calculated as the relative offset of the inflection point and fiducial plane could not be reliably determined. ‡ The
α and β values were derived using the A/R effect for the interpulse only (see § 3.12).
PSR Allowed Solutions Favoured Solutions
ρ / ◦ α / ◦ β / ◦ α / ◦ β / ◦
J0631+1036 16.61 ± 5.755.49 33 - 152 –10.5 - –2.5 97.2 –10.4
J0659+1414 22.89 ± 18.438.78 32 - 160 –22 - –5 120.7 –16.7
J0729–1448 19.41 ± 6.839.06 32 - 148 2 - 7 90 * 6 *
J0742–2822 13.52 ± 5.6313.52 55 - 180 –7 - 0 90 * –6.5 *
J0835–4510 11.97 ± 2.953.72 40 - 98 –7.5 - –5 74.2 –7.3
J0908–4913 (MP) 21.01 ± 0.329.9 96 - 96.8 –8.5 - –6.3 96.1
† –5.9 †
J0908–4913 (IP) 19.33 ± 5.046.18 83.9
† 6.3 †
J0940–5428 16.91 ± 9.7416.91 0 - 49; 122 - 180 0 - 18 143.5 12.0
J1016–5857 10.03 ± 9.6410.03 0 - 39; 145 - 180 –8.5 - 0 163.0 –3.1
J1019–5749 △ — — — — —
J1028–5820 △ — — — — —
J1048–5832 10.19 ± 17.8210.19 0 - 50 0 - 7.5 29.6 4.8
J1057–5226 (MP) 4.4 ± 23.84.4 68 - 98 8 - 48 75.6
‡ 34.7 ‡
J1057–5226 (IP) 22.36 ± 14.4522.36 104.4
‡ 5.9 ‡
J1105–6107 17.49 ± 6.518.14 28 - 140 2 - 5 90 * 4 *
J1112–6103 12.5 ± 10.0112.5 0 - 180 –5.5 - 0 126.6 –3.8
J1119–6127 (a) 7.63 ± 25.757.63 0 - 62; 132 - 180 –22 - 0 170.9 –3.8
J1119–6127 (b) 7.63 ± 25.757.63 0 - 48; 144 - 180 –19 - 0 173.1 –2.9
J1357–6429 7.42 ± 47.197.42 0 - 55; 102 - 180 0 - 50 6.9 4.9
J1410–6132 5.96 ± 9.935.96 0 - 180 0 - 5.5 147.0 2.9
J1420–6048 12.37 ± 18.5312.37 0 - 33 0 - 8.5 17.1 3.8
J1509–5850 △ — — — — —
J1513–5908 24.15 ± 68.6624.15 0 - 180 0 - 70 13.7 15.3
J1531–5610 16.91 ± 26.5516.91 0 - 180 –43 - 0 158.4 –14.4
J1648–4611 5.96 ± 15.775.96 0 - 180 –14 - 0 158.9 –4.1
J1702–4128 7.84 ± 21.247.84 0 - 68; 120 - 180 –13.5 - 0 22.8 –5.3
J1709–4429 18.97 ± 23.238.46 12 - 50 5.5 - 19 31.6 12.9
J1718–3825 13.64 ± 19.1813.64 0 - 63; 111 - 148 0 - 16 23.1 5.5
J1730–3350 8.05 ± 10.578.05 0 - 180 –10 - 0 148.4 –3.7
J1801–2451 18.7 ± 5.4518.7 0 - 57; 131 - 180 –12 - 0 146.8 –7.3
J1835–1106 23.86 ± 4.5423.86 0 - 180 0 - 13 85.5 11.4
bution was 0.037%, indicating to a confidence greater than
3 σ that the observed values are not drawn from a sinusoidal
distribution4.
The distribution would be affected by, for example,
a systematic bias in the favoured positions of the fiducial
planes. These were judged using the profile shape assuming
4 To check the validity of this result for this relatively small num-
ber of pulsars, sets of 25 values were drawn randomly from a si-
nusoidal distribution and the KS test was repeated on each. Of
100,000 sets of values, only 29 returned KS test results lower than
0.037%, indicating a low probability that the low KS test value
noted for the observed distribution occurred by chance.
the core-cone model (Rankin 1993). However, the alterna-
tive to this assumption, the ‘patchy’ beam model suggested
by Lyne & Manchester (1988), would also not explain the
observed bias in α. In this model the emission is generated
randomly across the polar cap, meaning that there should
be no systematic bias in the illumination of the beam with
respect to the fiducial plane and hence no systematic bias
in φfid. For the possible interpretations of the observed α
distribution, see Rookyard et al. (2014).
4.1 Dependence on profile morphology
Johnston & Weisberg (2006) (JW06) noted that in their
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Figure 24. PSR J1709–4429 at 20 cm. As Fig. 1.
sample of young pulsars with high rates of rotational en-
ergy loss (comparable to our sample in terms of spin pa-
rameters, but comprising only 14 objects), double-peaked
profiles were often brighter in the trailing components. Here
we take this argument a step further, considering the case in
which the asymmetry is sufficient that the leading compo-
nent is unobserved. In § 3 we argued that this could apply to
PSRs J1730–3350, J1801–2451 and J1835–1106. This raises
the question of whether all apparent single-component pro-
files in our sample are in fact such highly asymmetric dou-
bles.
This pronounced version of the JW06 effect would
strongly affect the estimated position of the fiducial plane.
The profile appears as a single component and so the fidu-
cial plane would in most cases be wrongly assumed to be
at the peak. However, if in reality there is a missing lead-
ing component the true location of the fiducial plane will
be close to the leading edge of the observed component.
By not accounting for this effect where it is present, we will
have overestimated φfid and hence underestimated the offset
in rotational phase between the fiducial plane and inflection
point, affecting the determination of α. Multiple-component
profiles will not have been affected in this way, as even if an
asymmetry is present both components are still discernible.
The fiducial plane position affects the measured α value
in two ways. Firstly, the phase difference between the fiducial
plane and inflection point is related to the derived emission
height and as a consequence the beamwidth via Eqs. 4 and 5.
Figure 25. PSR J1718–3825 at 20 cm. As Fig. 1.
A later fiducial plane implies a smaller beamwidth and it can
be seen from Eq. 6 that if the beamwidth is underestimated
α will also be underestimated for a given Wopen, the pulse
longitude range covered by the open field lines. However,
the fiducial plane position also affects the estimated Wopen,
which is determined by the offset of the pulse edge furthest
away from the fiducial plane. IfWopen is underestimated the
measured α value corresponding to a particular beamwidth
will be overestimated.
These two competing effects mean that adjusting the
position of the fiducial plane has a complicated effect on the
measured α value for a given pulsar. If all apparently single-
component pulsars in our sample are subject to the JW06 ef-
fect, the systematic misplacement of the fiducial plane could
potentially lead to a further skew towards low α values in
the distribution of the single-component pulsars relative to
that of the multiple-component pulsars. If we assume that
the profile morphology is not α-dependent the two distribu-
tions should be intrinsically similar, and hence the additional
skew applicable to single-component pulsars would lead to
a difference between our derived distributions. It is there-
fore desirable to investigate whether such an effect is indeed
present in our sample, so that any affected α values could
then be corrected.
To test this hypothesis we first of all calculated the
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Figure 26. PSR J1730–3350 at 10 cm. As Fig. 1.
α distribution of the single-component pulsars5 when the
fiducial plane of each was positioned at the profile peak.
This distribution is shown as the solid line in the lower
panel of Fig. 30 and can be compared with that derived
for the multiple-component pulsars (upper panel of the
same figure). The peak is later than the inflection point for
PSRs J1730–3350 and J1801–2451, resulting in a negative
derived emission height and meaning that the favoured con-
tour cannot be determined. However, the overall constraint
on α (see Figs. 26 and 27) indicates that both these pulsars
have small magnetic inclinations. For this reason both were
assigned a value α = 0◦. PSR J1513–5908 also yields a neg-
ative derived emission height in this situation. However, α
is unconstrained for this pulsar (see Fig. 20) and so no re-
liable estimate can be made in the absence of the favoured
contour. For this reason, the pulsar was excluded from this
part of the analysis.
Applying the KS test to the alpha distributions derived
for the multiple-component pulsars and the single-peaked
profiles under the assumption that the JW06 effect is absent
for all pulsars results in a probability of 24%. Hence, there
is no evidence for the distributions to be different.
The test was repeated using the α distribution (dashed
line in the lower panel of Fig. 30) resulting when the fidu-
cial plane was placed at the leading edge of the pulse for the
5 Taken to be PSRs J0659+1414, J1357–6429, J1410–6132,
J1709–4429, J1730–3350, J1801–2451 and J1835–1106.
Figure 27. PSR J1801–2451 at 20 cm. As Fig. 1.
pulsars for which there was a suggestion of a missing lead-
ing component (PSRs J1730–3350, J1801–2451 and J1835–
1106). This therefore corresponds to the preferred values as
they appear in Table 2. The result of the KS test in this case
was 57%. This shows that applying the JW06 effect to these
pulsars has a non-significant effect on the distribution. The
test was also repeated with the fiducial plane positioned at
the leading edge for all the single-component pulsars (dot-
ted line in the lower panel of Fig. 30), corresponding to the
scenario that all single-peaked profiles have missing leading
components. The KS test result was again 57%.
Applying the JW06 effect to some pulsars might in-
crease the similarity between the distributions for single-
and multiple-component pulsars, indicating that the effect
may be present in some particular cases (and indeed for
PSRs J1730–3350 and J1801–2451 it appears necessary in
order to avoid negative derived emission heights). However,
the sample size is too small to draw any significant con-
clusions. Applying the effect to all single pulsars has little
effect on the overall α distribution. We therefore take a con-
servative option, whereby we apply the effect in those cases
for which there is evidence, but do not apply the effect to
other single-component pulsars. The values given in Table 2
correspond to this situation.
There are reasons to expect that the JW06 effect is not
applicable to all pulsars exhibiting a single-component pro-
file. Firstly, PSR J1119–6127 has a single-peaked profile in
almost every observation. However, Weltevrede et al. (2011)
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Figure 28. PSR J1835–1106 at 20 cm. As Fig. 1.
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Figure 29. Distribution of most likely α values (mapped into the
interval 0◦ < α < 90◦). The sinusoidal distribution which might
be expected for a sample of young pulsars is shown as the dashed
curve. A preference for low α values relative to the sinusoidal
distribution can be clearly seen.
showed a transient component trails the often-seen compo-
nent. The two RRAT-like components detailed in that paper
are believed to frame the two main components, strongly
suggesting the fiducial plane to be located after, not before,
the ‘single’ component. This then appears to be a case where
the JW06 effect is not applicable.
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Figure 30. (Upper panel) Distribution of most likely α values
of pulsars with profiles exhibiting multiple components. (Lower
panel) Distribution of most likely α values of the single component
pulsars when the fiducial plane is taken to be at the peak of
the observed component (solid line), after applying the Johnston
& Weisberg effect to those pulsars (PSRs J1730–3350, J1801–
2451 and J1835–1106) for which there is a suggestion of a missing
leading component (dashed line) and after making the assumption
that each pulsar has an unobserved leading component (dotted
line). For clarity the lines have been displayed with slight offsets
in the bins where they would otherwise coincide.
Furthermore, the intensity asymmetry discussed in
JW06 does not appear for all γ-ray-loud pulsars exhibiting
double-component radio profiles. For example, the profile of
PSR J1105–6107 (§ 3.13) shows two components with ap-
proximately equal peak intensities. Given that some double-
component profiles do not show this asymmetry, it is plau-
sible that there also exist some single profiles which are not
subject to the effect and hence are intrinsically single, rather
than extremely asymmetric double-component profiles.
4.2 Comparison with constraints from γ-ray
models
Recently, Pierbattista et al. (2014) (henceforth PHG14)
have derived maps of the ‘likelihood’ of a given viewing
geometry from γ-ray and radio profiles and hence deter-
mined the most likely emission geometry for a large number
of γ-ray pulsars based on four γ-ray models: the polar cap
(Muslimov & Harding 2003), slot gap (Muslimov & Harding
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2004), outer gap (Cheng et al. 2000) and one-pole caustic
model (Romani & Watters 2010). Since we also studied γ-
ray detected pulsars, PHG14 includes most of the pulsars ex-
amined in this paper with the exception of PSR J1531–5610.
The emission geometries derived by PHG14 are based on
very different information compared to our study (e.g. radio
polarization was not considered). It is therefore interesting
to investigate whether our measurements are consistent with
the geometries needed to explain γ-ray light curves. Since β
is confined to a small range for radio-detected pulsars and
its precise value can be expected to be highly dependent
on details in the way the radio profiles are interpreted, we
choose to investigate if there is a correlation between the α
values presented in this paper and those by PHG14.
There is inherent disagreement between the viewing ge-
ometries implied by the various γ-ray models. For instance,
the relatively small emission region of the polar cap model,
coupled with the typically wide γ-ray intensity profiles, im-
plies low α values. In contrast to this, the other models pro-
pose the emission to be generated in the outer magneto-
sphere, resulting in larger derived magnetic inclination an-
gles. This can be seen in Fig. 31, which shows the α values
derived by PHG14 against the values derived in § 3. None
of the four models can explain the large range of α values
we have found in this paper. The low α values in particular
are incompatible with the slot gap, outer gap and one-pole
caustic models.
It can also be seen from Fig. 31 that the two sets of
values are uncorrelated for all four γ-ray models considered
by PHG14, in the sense that a large α value derived in this
paper does not necessarily correspond to a large α value
according to PHG14, although the values are subject to large
errors. To investigate whether the two sets of values could be
considered correlated within these errors a series of trials was
performed. For each trial, two α values (corresponding to the
constraints presented in this paper and to those presented
by PHG14) were drawn randomly for each pulsar, presuming
a Gaussian distribution function with widths determined by
the quoted errors. The Spearmann rank-order correlation
coefficient was then found between the two resulting sets of
values. None of the four cases showed a significant tendency
towards correlation.
There are several reasons why the two sets of values
might be uncorrelated. Firstly, it is possible that none of the
γ-ray models are a good description of the physics. If true,
this might be somewhat surprising given that the shape of
the γ-ray light-curves, at least for the models which place
the extended emission region in the outer magnetosphere, is
in first order determined by the pulse phase ranges where
caustic emission is expected to happen. One could expect
this geometric effect to be at some level independent of the
detailed physics.
Another possibility is that the absence of a correlation
between the α values derived in this paper and by PHG14
is caused by the fact that the interpretation of the radio
data is very different. For example, PHG14 only considered
the shape of the radio profile and assumed that the radio
emission height follows an empirical relation described by
Kijak & Gil (1998), whereas in this paper we considered
both the radio profile morphology and polarisation allowing
us to determine the emission height. Although these meth-
ods will be inconsistent up to some level, it remains to be
seen whether this difference would have a significant effect
on the derived α values from joint radio and γ-ray fitting. As
shown by PHG14, the effect of considering radio data is ef-
fectively to down-weight solutions with large β values. Since
the different methods to interpret the radio data will have
a similar effect, it could be expected that the fine details of
the radio model only have a minor effect on the resulting α
values. How big this effect is can potentially be determined
by considering the constraints derived in this paper together
with the fits of γ-ray data.
5 CONCLUSIONS
In this paper we have presented constraints to the viewing
geometry (characterised by the magnetic inclination angle,
α, and the impact parameter of the line of sight relative
to the magnetic axis, β) for a sample of γ-ray-loud pulsars.
This constraint has two components. The first is associated
with the goodness of fit between the Rotating Vector Model
and the observed PA curve. The second is associated with
the emission beam half-opening-angle derived from the rela-
tive offset in pulse phase between the inflection point of the
PA curve and the location of the fiducial plane in the pro-
file (which represents the point of closest approach between
the line of sight and the magnetic axis). In determining the
latter constraint, we have taken into account uncertainties
on the fiducial plane, inflection point and pulse edges in
a systematic way. This new approach is more conservative
and therefore in many cases allows regions of the (α, β) pa-
rameter space to be objectively excluded with greater con-
fidence. In addition to this conservative constraint, we also
determined our preferred viewing geometry for each pulsar,
allowing a statistical analysis of the results.
We find that the α distribution exhibits an unexpected
skew towards low values. These pulsars are all younger than
the various observationally estimated timescales for align-
ment of the magnetic inclination angle due to magnetic
torques, suggesting the observed distribution should be the
birth distribution for this sample. If the magnetic axis is
randomly orientated with respect to the rotation axis at the
birth of a neutron star, it follows that this birth distribu-
tion of α should be sinusoidal. Further to this, the pulsars
investigated in this paper have all been detected in γ-rays.
High energy models predict that pulsars are more easily de-
tectable in γ-rays when the magnetic inclination is large, as
the intensity modulation is more pronounced. This would be
expected to introduce a selection effect resulting in an abun-
dance of highly inclined pulsars relative to the sinusoidal dis-
tribution. These considerations make the observed tendency
towards low α values surprising. This skew and its possi-
ble causes will be investigated in detail in Rookyard et al.
(2014).
We have also reported evidence for absent leading
components in some of the pulse profiles which exhibit
only a single component. An argument can be made
that these are extreme cases of the intensity asymmetry
noted in double-component profiles of young pulsars by
Johnston & Weisberg (2006). However, the sample size is
too small to determine whether this effect applies to all ap-
parently single-component young pulsars.
We have found a lack of correlation between the α val-
c© 2002 RAS, MNRAS 000, 1–23
22 S. C. Rookyard, P. Weltevrede and S. Johnston
 0
 10
 20
 30
 40
 50
 60
 70
 80
 90
 0  10  20  30  40  50  60  70  80  90
α
γ-
ra
y 
(P
ola
r C
ap
) / 
°
αpolarisation / °
 0
 10
 20
 30
 40
 50
 60
 70
 80
 90
 0  10  20  30  40  50  60  70  80  90
α
γ-
ra
y 
(S
lot
 G
ap
) / 
°
αpolarisation / °
 0
 10
 20
 30
 40
 50
 60
 70
 80
 90
 0  10  20  30  40  50  60  70  80  90
α
γ-
ra
y 
(O
ute
r G
ap
) / 
°
αpolarisation / °
 0
 10
 20
 30
 40
 50
 60
 70
 80
 90
 0  10  20  30  40  50  60  70  80  90
α
γ-
ra
y 
(O
ne
-P
ole
 C
au
sti
c) 
/ °
αpolarisation / °
Figure 31. Comparison between α values derived in § 3 (αpolarisation) and by Pierbattista et al. (2014) (αγ−ray). The 1σ errorbars are
shown. The γ-ray emission models used by the latter were the polar cap (upper left), slot gap (upper right), outer gap (lower left) and
one-pole caustic models (lower right). The diagonal line on each plot represents agreement between the two sets of values.
ues derived here from radio intensity and polarisation data
and those derived by Pierbattista et al. (2014) from consid-
eration of the radio and γ-ray light curves. This indicates a
possible problem in the interpretation of the radio and/or
γ-ray data which requires further investigation. However, de-
spite this uncertainty in α, the tight constraints on β which
we have presented should prove useful for future attempts
to determine the γ-ray emission mechanism.
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